The neuronal soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex is essential for synaptic vesicle exocytosis, but its study has been limited by the neonatal lethality of murine SNARE knockouts. Here, we describe a viable mouse line carrying a mutation in the b-isoform of neuronal SNARE synaptosomal-associated protein of 25 kDa (SNAP-25). The causative I67T missense mutation results in increased binding affinities within the SNARE complex, impaired exocytotic vesicle recycling and granule exocytosis in pancreatic ␤-cells, and a reduction in the amplitude of evoked cortical excitatory postsynaptic potentials. The mice also display ataxia and impaired sensorimotor gating, a phenotype which has been associated with psychiatric disorders in humans. These studies therefore provide insights into the role of the SNARE complex in both diabetes and psychiatric disease.
I
ntracellular membrane fusion events within eukaryotic cells are mediated by proteins of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) family. The prototypic SNARE-mediated fusion event is synaptic vesicle exocytosis, in which the membrane-associated SNAP-25 and syntaxin-1A interact with the vesicle-associated membrane protein (VAMP) to create a stable ternary core complex with 1:1:1 stoichiometry (1). This interaction has been extensively studied in various systems including neurons, neuroendocrine chromaffin cells, and pancreatic ␤-islet cells, all of which use the neuronal core complex proteins to regulate secretion (2, 3) . In vivo knockout and mutagenesis studies in invertebrate systems have allowed SNARE function to be analyzed at the level of the synapse (4), but their scope has been limited by the failure of these organisms to model higher neurological functions in which SNARE function is strongly implicated. A major goal, therefore, has been the generation of a mammalian model of SNARE dysfunction in which the effects on complex neurological and behavioral phenotypes can be assessed.
Both Vamp2 and Snap25 knockouts are perinatally lethal in homozygous mice, and heterozygotes show no apparent phenotype, so detailed analysis of viable affected individuals has not been possible (5, 6) . The spontaneous mouse mutant coloboma carries a heterozygous deletion spanning four genes including Snap25 (7), but its locomotor hyperactivity phenotype is likely to depend on the additional loss of one or more of the other genes within the deleted region. Most recently, a viable syntaxin-1a knockout mouse has been described with subtle defects in long-term potentiation and fear-memory behavior, although normal synaptic transmission is unaffected likely because of functional compensation by syntaxin-1b (8) . Existing mammalian SNARE mutations have therefore offered only very limited insights into the consequences of SNARE dysfunction in an adult system and have yielded no information about possible involvement of SNARE proteins in human disease.
Here, we characterize the blind-drunk mouse, which possesses a mutation in a highly conserved domain of Snap25. We demonstrate the functional consequences of the mutation at both the molecular and cellular levels and describe a complex behavioral phenotype in mutant animals, which includes elements that have been linked to schizophrenia in humans. This new dominant mutation provides an opportunity to study the role of SNAP-25 in an adult mammalian system that would not have been possible by using a gene-knockout strategy.
Results
Identification of the Blind-Drunk (Bdr) Mutation. The blind-drunk mouse was originally identified from a large-scale, phenotypedriven dominant mutagenesis screen (9) . Mutants (ϩ/Bdr) are characterized by a subtle ataxic gait that is first detectable at Ϸ4 weeks of age. After an initial genome scan (9), subsequent genetic mapping reduced the minimal recombinant interval to Ͻ12 Mb between D2Mit106 and 145302160 (see Methods). Publicly available mouse and human genome sequence data identified Snap25 as the most promising candidate in this region. Both isoforms, SNAP-25a and SNAP-25b (10), were sequenced from genomic DNA and a T-to-C transversion was identified in codon 67 of SNAP-25b, leading to a nonconservative isoleucine-to-threonine amino acid substitution. This sequence change was not present in the parental strains, nor in five other inbred and two outbred mouse strains (data not shown). Ile-67 is conserved in all known SNAP-25 orthologues in addition to the paralogue SNAP-23 (11) (Fig. 1A) . By using evidence from a gene-based screen of the Harwell mutant mouse archive, the probability of there being more than one potentially functional mutation in our study population of back-cross animals can be calculated as 0.00053 (12) . However, to confirm that another mutation was not present in the recombinant interval, all known exons and intron-exon boundaries from all 39 genes and EST clones in the region were sequenced, and no other coding or potential splice-site mutations were discovered (data not shown).
Phenotype of the Bdr Mouse. Blind-drunk mice are grossly normal in appearance and development, and brain morphology appeared normal up to 12 months of age by gross histological evaluation and more detailed examination by immunohistochemistry [supporting information (SI) Fig. 5A ], including quantification of synaptophysin immunostaining as a measure of synaptic density. In situ hybridization showed no change in the level or pattern of expression of Snap25 in the brains of adult mutant mice compared with WT littermates (SI Fig. 5B) , and a survey of SNAP-25, syntaxin-1a, and VAMP-2 presynaptic proteins by Western blot also revealed no significant differences in expression when quantified (SI Fig. 5C ).
In Silico and in Vitro Modeling Predict Alterations in SNARE Complex
Association in Blind-Drunk Mice. Residue 67 of SNAP-25 is directly involved in interactions with both syntaxin and VAMP, forming, in part, one of the layers of the hydrophobic core of the neuronal SNARE complex (13) . In silico modeling of the I67T substitution predicted the formation of two additional hydrogen bonds within the SNARE complex: one intramolecular bond involving the substituted Thr and Asn-188 in the C-terminal coiled-coil homology domain and the other between the same Asn-188 and Leu-70 of VAMP ( Fig. 1 B and C) . Formation of these bonds would be predicted to reduce free energy within the SNARE complex, increasing its stability. To confirm this finding in vitro, a quantifiable dissociation-enhanced, time-resolved lanthanide fluorescent binding assay (DELFIA) was performed in which cytoplasmic domains of both syntaxin-1a and VAMP-2 were bound to immobilized SNAP-25b. As expected, an Ϸ2-fold increase in affinity for syntaxin was seen in SNARE complex assembly with mutant SNAP-25 compared with WT protein; however, the affinity for VAMP was not significantly changed (Fig. 1D) . The most likely explanation for this result is the previously described tendency of artifactual SNAP-25/syntaxin heterotrimers to form in vitro (14) . To further quantify the stability of the mutant SNARE complex, CD spectroscopy was carried out by using recombinant proteins as described (15) . In agreement with Nagy et al., our data show an increase in melting temperature of preassembled complexes containing WT SNAP25b versus SNAP-25a of Ϸ4°C (Fig. 1E) . Significantly, a similar reproducible increase in melting temperature (3-4°C) was observed for the complex containing the blind-drunk mutant SNAP-25b (Fig.  1E) . As predicted by the in silico modeling and DELFIA assay, these data demonstrate further the influence of the mutation on stability of the core SNARE complex.
Impairment in the Spontaneous and Evoked Release of Glutamate
Revealed by Cortical-Slice Electrophysiology. To study the effect of the I67T mutation on neurotransmitter release, whole-cell voltageclamp recordings (holding potential ϭ Ϫ65 mV) were performed in layer 2-3 neurons of somatosensory cortical acute slices. The frequency, but not the amplitude, of miniature excitatory postsynaptic currents (mEPSCs) was lower in neurons from mutant mice compared with WT littermates (n ϭ 8 each genotype, P Ͻ 0.0001; Fig. 2 A and B) . Thus, blind-drunk mice have a clear impairment in the spontaneous, constitutive release of glutamate.
Excitatory postsynaptic currents (EPSCs) were evoked by intracortical activation with a stimulating electrode in the presence of the GABA A receptor antagonist gabazine (0.4 M). Stimulation at low frequency (0.2 Hz) elicited EPSCs on average 29% lower in amplitude in mutant mice compared with WT littermates (n ϭ 6; P ϭ 0.05; Fig. 2C ); one possible cause of this result would be a failure to completely replenish the readily releasable pool (RRP) of synaptic vesicles between stimuli. Trains of high-frequency stimulation were then used to study short-term synaptic plasticity and rate of replenishment of the RRP (16, 17) . Stimulation at 10 Hz evoked a short-term synaptic depression that was not significantly different in neurons from mice of either genotype (n ϭ 6; P Ͼ 0.05; Fig. 2D ). However, stimulation at 40 Hz, which mimics cortical ␥-type oscillations, resulted in short-term facilitation, followed by depression in WT mice, whereas recordings from blind-drunk mice showed only depression without facilitation (n ϭ 6; P Ͻ 0.001; Fig.  2E ). These data demonstrate a rapid fall in synaptic transmission during repetitive high-frequency stimulation at ␥-frequency and suggest that changes in action potential-evoked glutamate release in the blind-drunk cortex result from a failure in replenishment of the synaptic vesicle RRP.
Defective Vesicle Turnover in Blind-Drunk Mice Dissected by Electrophysiology in Pancreatic ␤-Cells. To further investigate the possible impairment in vesicle trafficking, we used high-resolution capacitance measurements to study mouse pancreatic ␤-cells. Exocytosis of insulin-containing granules is SNARE-dependent and shares many features of synaptic vesicle release (18) . Blind-drunk mice exhibited normal islet architecture (data not shown) and ␤ cell ultrastructure; both total and docked secretory granules were unchanged in number in mutants compared with controls (SI Fig.  6A and Table 1 ). We also confirmed by quantitative RT-PCR that transcripts for both SNAP-25a and SNAP-25b are present in MIN6 mouse ␤-cells and whole mouse islets (SI Fig. 6 B and C) . In concordance with previous studies, we conclude that, although SNAP-25a is predominant, mouse ␤-cells express both splice variants; moreover, it has been shown that both protein isoforms support Ca 2ϩ -stimulated insulin secretion (19) .
Exocytosis was evoked by a train of 10 500-ms depolarizations during which the total capacitance increase was significantly reduced in blind-drunk ␤-cells (n ϭ 9; P Ͻ 0.05; Fig. 3A) . A second train was applied 1 min after completion of the first. Whereas exocytosis in control ␤-cells had recovered completely, the responses in mutant ␤-cells were further reduced (Fig. 3B) . The responses to the first two depolarizations were taken to reflect the release of RRP granules, whereas the increase in capacitance during the subsequent eight depolarizations was taken to reflect replenishment of the RRP by mobilization of granules from the reserve pool (RP) (20) . In mutant ␤-cells, mobilization is reduced by 50% and 70% during the first and second trains, respectively, whereas RRP is unaffected (Fig. 3C) . If progressively longer depolarizations (5-350 ms) are applied (Fig. 3D) , the responses plateau, providing an estimate of the size of the immediately releaseable pool (IRP), a subset of RRP vesicles that reside in the vicinity of the voltage-gated Ca 2ϩ -channels (21). The IRP was of similar size in WT and mutant ␤-cells, calculated as 37 Ϯ 11 fF (n ϭ 10) and 36 Ϯ 7 (n ϭ 10), respectively. The findings therefore support those of the neuronal electrophysiology, showing that after depletion of IRP and RRP, exocytosis becomes severely compromised by failure of mobilization of new vesicles from the RP.
To confirm the effect of mutant SNAP-25 on granule trafficking, WT and blind-drunk SNAP-25b constructs were separately overexpressed in mouse insulinoma MIN6 ␤-cells (22) , and replenishment of RRP granules from the RP was studied by infusion of a Ca 2ϩ /EGTA buffer as described (23) (Fig. 3E) . Quantitative RT-PCR demonstrated that equivalent levels of both WT and mutant SNAP-25b were expressed in the transfected cells (SI Fig. 6C ). The rate of capacitance increase in MIN6 cells overexpressing mutant SNAP-25b was significantly reduced (P Ͻ 0.05; Fig. 3F ), suggesting that the effects on insulin secretion in transfected MIN6 cells are attributable to impaired replenishment of the RRP and providing further proof that the SNAP-25 mutation explains the vesicletrafficking defects observed in blind-drunk mice.
To explore possible in vivo consequences of these deficits, we studied the release of insulin and glucagon in intact pancreatic islets. There was a marked reduction in insulin secretion by mutant ␤-cells both under basal conditions and in the presence of a high glucose concentration that was accompanied by a reduction in glucagon secretion by ␣-cells (SI Fig. 7 A and B) . However, baseline plasma glucose and insulin levels were not significantly different in freely fed blind-drunk mice compared with controls, and the response to the glucose challenge in a tolerance test was not impaired in mutants, although the initial glucose level in fasted mice was lower (SI Fig. 7C ). This result is as expected, because secretion of both insulin and the antagonistically acting glucagon are impaired, the latter even more so under basal conditions.
Behavioral Testing of Blind-Drunk Mice. To quantify the ataxic phenotype in blind-drunk animals, rotarod testing was performed at 7 weeks of age, and the mean latency to fall was significantly lower for mutants than for WT littermates (P Ͻ 0.001; Fig. 4A ). The hyperactive phenotype of the coloboma mutant (7) led us to test the spontaneous locomotor activity of blind-drunk in an open-field apparatus; however, no significant difference between mutants and WT littermates was observed (P ϭ 0.39; Fig. 4B ). Prepulse inhibition (PPI) of the acoustic startle response, an important endophenotype for schizophrenia (24) , was also tested in light of studies implicating SNAP-25 in the etiology of the disease (see Discussion). When a startle level of 110 db with a 90-db prepulse (9) was used, mutants showed significantly impaired PPI compared with their WT littermates (P ϭ 0.01; Fig. 4C ). We found no significant difference in the weight-corrected startle response amplitude (P Ͼ 0.1; data not shown).
To further assess endophenotypes related to psychiatric disorders, social interaction and recognition testing was carried out. There was no significant difference in the latency of interactions by either genotype over two trials (P Ͼ 0.05; Fig. 4D ), although blind-drunk mice spent a significantly greater amount of time interacting with the novel mice in the first trial (P Ͻ 0.05; Fig. 4E) ; however, there was no indication of a social-memory deficit in mutants, because although both groups showed a reduction in interaction time in the second trial, a greater and significant percentage reduction in was seen in blind-drunk mice (P Ͻ 0.03; Fig. 4F) . Because of the importance of olfactory cues in such experiments, a buried chocolate chip location test was performed (25) which showed no significant impairment in blind-drunk (P Ͼ 0.1; data not shown). In the two-compartment light/dark test for anxiety (26) , there was no difference between the two genotypes in the overall amount of time spent in the light compartments (P Ͼ 0.05; Fig. 4G ); yet, there were significantly fewer transitions between the two compartments and a longer latency of transition to the dark compartment in blind-drunk mutant mice (P Ͻ 0.01; P Ͻ 0.02; Fig. 4 H and I) . Blind-drunk mice did not, however, show signs of anxiety when tested in the elevated-plus maze (P Ͼ 0.1 in all cases; data not shown). In the ''playground'' paradigm (27) , mutant mice demonstrated a marginally greater number of inactive episodes (P Ͻ 0.02) and exploring episodes (P Ͻ 0.01; Fig. 4 J and K) but interacted with the toys almost 20% less than WT littermate controls (P Ͻ 0.001, Fig. 4L ). No significant differences were found in any of the measurements for the ''emergence'' paradigm (P ϭ 0.15) or in spatial learning by examination of spontaneous alternation in the T maze or spatial memory in the Y maze (P ϭ 0.22, P ϭ 0.09, respectively; data not shown).
Discussion
The work presented here describes an ataxic mutant mouse with a complex phenotype caused by a missense mutation in a highly conserved codon of Snap25. This mutant has allowed the specific functional study of one SNAP-25 isoform, SNAP-25b, which varies from SNAP-25a at 9 aa residues because of alternative splicing of duplicated, tandemly arranged copies of exon 5. SNAP-25a is the major isoform expressed in the embryonic brain; however, this predominance switches at weaning age so that ultimately more than three-quarters of the expression in adult brains is derived from SNAP-25b, whereas SNAP-25a remains the principal isoform in neuroendocrine cells (10, 28, 29) .
Here, we show that the blind-drunk mutation enhances the affinity of SNAP-25 for its binding partners and is therefore likely to cause an increase in association of SNARE proteins into complexes. This may also affect the association of SNAP-25 with regulatory factors; however, in silico modeling shows that the side chain of I67 is orientated toward the core of the complex. The mutation results in a reduction in the frequency of spontaneous mEPSCs, although these were of normal amplitude, consistent with a presynaptic defect, and a marked short-term depression of EPSCs at ␥-frequency stimulation, suggesting a functional depletion of synaptic vesicles due to defective synaptic vesicle mobilization and replenishment of the RRP. High-resolution capacitance measurements in pancreatic islet ␤-cells support these findings, showing that whereas release of the IRP/RRP granules is essentially normal, subsequent release is severely reduced, indicating that replenishment of the RRP is impaired. In neurons, a combination of fast local recycling of exocytosed vesicles and recruitment of vesicles from the RP replenishes the RRP after its depletion; the RP itself is refilled via slower pathways of vesicle recycling (30) . In ␤-cells, as in other peptide-secreting cells, the secretory granules cannot be refilled with insulin and must recycle via the Golgi complex (31) . A defect in vesicle recycling due to increased SNARE complex stability and consequent impaired SNARE complex dissociation, an essential step in all these pathways of recycling, would account for our observations in both cell types. Consistent with this idea, Drosophila carrying a mutation in N-ethylmaleimide-sensitive factor (NSF), the major effector of SNARE complex dissociation (32) , show an activity-dependent decrease in neurotransmitter release nearly identical to that seen in blind-drunk mice (33) . Impaired vesicle recycling would be expected particularly to affect neural circuits containing very rapidly firing cells, for example cortical inhibitory interneurons, which may explain specific features of the behavioral phenotype, such as impaired sensorimotor gating, which depend on circuits such as these.
The reduction of glucose-induced insulin secretion observed in ␤-cells in vitro does not result in measurably altered glucose tolerance in vivo. It is possible that the parallel reduction of glucagon secretion obscures the hyperglycemic effect of insufficient insulin secretion. Nonetheless, it is becoming increasingly clear that defective insulin secretion due to ␤-islet cell dysfunction is the major genetic factor predisposing to the eventual development of type 2 diabetes mellitus (34), so mutations or polymorphisms of SNAP25 may well play a role in type-2 diabetes susceptibility. Indeed, recent studies have shown that SNAP-25 expression is decreased in ␤-cells from GK-rats (a nonobese rodent model of type-2 diabetes) compared with control rats (35) and in cells from diabetic patients (36) .
Blind-drunk mice were assessed over a number of behavioral domains, and the resultant data demonstrate a complex phenotype. Several elements of the blind-drunk phenotype suggest that it may be a model for psychiatric disorders, in particular schizophrenia. Impaired sensorimotor gating, an important component of the schizophrenia phenotype related to altered sensory processing, is augmented by anxiety behavior exhibited in the light/dark test and by the apathetic behavior observed in the playground paradigm test, which replicates aspects of the negative symptomatology of the disease. There is already evidence from several immunohistochemical and Western blot studies in postmortem brains implicating reductions in SNAP-25 expression in the etiology of schizophrenia (37, 38) ; our data, however, provides supporting evidence from in vivo and in vitro functional studies. Moreover, a recent metaanalysis of 20 separate genome-wide linkage scans for schizophreniasusceptibility genes reported significant linkage to the chromosomal region 20p12.3-11, which contains SNAP25, and suggested 20p12.3-11 as a strong candidate region for the disease (39); this interval does not contain any other known candidate susceptibility loci.
Our data show that germ-line missense Snap25 mutations can give rise to phenotypes important in both human psychiatric disease and diabetes mellitus. It is, therefore, of interest that unaffected first-degree relatives of people with schizophrenia have high rates of type-2 diabetes (19-30% compared with 4-5% in the general population) (40, 41) ; this observation, together with the findings presented here, raises the interesting possibility that SNAP25 may represent a common genetic link between these two complex polygenic diseases.
Methods
Genetic Mapping and Mutation Detection. Genotyping was carried out by PCR using standard polymorphic Mit markers or newly identified di-, tri-and tetranucleotide repeats. Marker 145302160 was amplified by using primers 145302160F (GAGCGACAATAT-AGCCGTAC) and 145302160R (GTACAGATCATAGAA-GACTG). For mutation detection, all exons and exon/intron boundaries of Snap25 were amplified by PCR from ϩ/Bdr, ϩ/ϩ littermate and BALB/c genomic DNA and the resulting products sequenced in both directions.
In Situ Hybridization. A 309-bp region of Snap25 (172 to 497 bp of GenBank accession no. NM011428) was used for digoxigeninlabeled riboprobe synthesis and hybridization as described (42) .
Western Blot Analysis. Equal amounts of protein extract from homogenized brain tissue were analyzed by using standard methods using anti-SNAP-25 (Sternberger Monoclonals), anti-syntaxin-1a (Sigma, St. Louis, MO) or anti-VAMP-2 (Synaptic Systems) all at 1 in a 4,000 dilution. After exposure, membranes were stripped and reprobed with anti-␤-tubulin (Sigma) at 1 in 10,000 as above as a loading control.
In Silico Modeling of the SNARE Complex. The model mutant SNARE complex was generated by using Protein Data Base data file 1KIL (43) . Ile 67 of chain C was mutated to Thr by using Modeller 4.10 and evaluated by using Procheck. The model was energy-minimized by using Ͻ1,000 steps of steepest descents to relax any steric conflicts. Energy minimization was performed by using the GROMACS 3.14 simulation package and The Visual Molecular Dynamics (Sunnyvale, CA) (VMD) software was used for visualization.
Protein Purification and in Vitro Binding Assay. For information about protein purification and the in vitro binding assay, see SI Methods.
CD Measurements. Recombinant SNARE proteins were purified as above, complexes were assembled overnight, and CD measurements were carried out in a J-720 machine (Jasco, Easton, MD) in the presence of 20 mM guanidine hydrochloride with a 30°C per hour temperature gradient and assay conditions as described (15) . Recordings were taken at 1°C intervals and each assay was carried out in triplicate.
Cortical-Slice Electrophysiology. For information on cortical-slice electrophysiology, see SI Methods.
␤-Cell Preparation, Capacitance Measurements, and Pancreatic Hormone-Release Measurements. Exocytosis was measured as an increase in membrane capacitance by using standard whole-cell configurations as described (44) . The intracellular solution contained 0.1 mM cAMP to enhance the exocytotic response. Insulin and glucagon secretion were determined as reported (45) .
MIN6 Cell
Transfections. MIN6 cells (46) were cultured in DMEM containing 4.5 mM glucose. Before (Ϸ48 h) the experiments, the cells were transiently cotransfected with pEGFP-N1 and pCDNA3-wt SNAP-25b or pCDNA3-mut SNAP-25b. Recordings from eGFP-positive cells and exocytosis were triggered by intracellular dialysis with a buffer with a free [Ca 2ϩ ] i of 1.5 M (23).
Quantitative RT-PCR of Neuroendocrine Cells and Behavioral Testing.
For information on quantitative RT-PCR of neuroendocrine cells and behavioral testing, see SI Methods.
